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I
ncreased growth of venous smooth muscle cells (SMCs) is a hallmark of vein graft failure. [1] [2] [3] [4] After implantation of a vein graft into the arterial circulation, the venous wall is immediately exposed to mechanical stimuli. Those include arterial pressure, wall tension, shear stress, and pulsatile flow, all of which modulate graft physiology. [5] [6] [7] Such alteration could lead to the activation of many intracellular signaling pathways. Mechanical stress could also stimulate the synthesis and/or secretion of various bioactive molecules including platelet-derived growth factor (PDGF), basic fibroblast growth factor, and the transcriptional factors. 8 -10 Recently, we have shown that mechanical stretch stimulates expression and activation of insulin-like growth factor (IGF)-1 and its receptor in venous SMCs, and we found that activated IGF-1R/phosphatidylinositol 3-kinase (PI3K) is essential for mechanical stretch-induced proliferation of venous SMCs. 11 However, the downstream targets of IGF-1/ PI3K signaling that mediate mechanical stretch-induced proliferation of venous SMCs are still unknown.
Belonging to the AGC subfamily, the catalytic domain of SGK-1 (serum-, glucocorticoid-regulated kinase-1) is 54% identical to that of AKT, and it shares common downstream substrates with AKT. 12, 13 Activation of SGK-1 or AKT needs phosphorylation of threonine at activation loop by PI3K/ PDK1 and the serine at C-terminal hydrophobic motif by mammalian target of rapamycin complex C2 (mTORC2). 14 -17 SGK-1 has been reported to inhibit apoptosis in other cell types, especially in tumor cells. SGK-1 also illustrated its role in transcriptional inhibition of a proapoptotic factor of the forkhead transcription factor family member FKHRL1 in human mammary epithelial cells. 18 It is known that expression of SGK-1 can be induced by several stress conditions, such as oxidative stress, hyperglycemia, and exposure to hyperosmolarity or steroid hormones. 19 -21 The aim of this study was to determine the signaling pathways that are responsible for mechanical stretch-induced SGK-1 expression and activation and to study the role of SGK-1 on neointima formation in vein graft.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Microarray Analysis
RNA was extracted by use of a Qiagen RNAeasy kit (Qiagen, Valencia, Calif). Labeling, hybridization, washing, scanning, and initial analysis were performed by the Baylor College of Medicine Microarray Core Facility using standard Affymetrix protocols and an Affymetrix genome 430 2.0 array. Four chips were analyzed from 2 independent pools of control and stretched smooth muscle cell. Affymetrix CEL files were imported into GeneSpring GX (Agilent, Santa Clara, Calif), and GC robust multiarray average was used to perform background correction and normalization. Differential gene expression was filtered using the volcano plot filter in GeneSpring, with a probability value of Ͻ0.001 and a minimum two fold change. This resulted in 714 differentially expressed probe sets, which, by taking into account multiple probe sets for the same gene, corresponded to 508 genes upregulated at least 2-fold and 206 genes downregulated at least 2-fold.
Statistical Analysis
All data are presented as meansϮSEM. Comparison between groups was made using 1-way ANOVA; PϽ0.05 was considered statistically significant.
Results

There Is a Significant Increase in the SGK-1 Expression Both in the Neointima of a Vein Graft and in Mechanical Stretch-Treated Venous SMCs
To determine possible mechanosensitive mechanism for neointima formation in vein graft, we used an in vitro experimental model of primary mouse venous SMCs subjected to cyclic stretch. Venous SMCs were subjected to 15% cyclic stretch (1 Hz) for 2 hours; unstretched cells were served as controls.
Microarray was performed to determine the stretch sensitive genes. There are total of 514 genes were regulated significantly (Ն2-fold) after mechanical stretch. The heat map in Figure 1A showed some highly upregulated genes in this experiment. Among them, SGK-1 has a 9-fold increase. To confirm that SGK-1 is indeed expressed in vein graft, arterialized veins were collected from patient and SGK-1 staining was observed in the nucleus of neointima cells ( Figure 1B) . The increase in SGK-1 was also observed in mouse vein graft model. As shown in Figure 1C , a large number of SGK-1-positive (brown) smooth muscle cells and endothelial cells were found in sections of the neointima of vein graft. High-resolution staining indicated that most of SGK-1 signals are present in the nucleus of venous SMCs ( Figure 1C, bottom) . To determine whether SGK-1 mRNA is also increased in vein graft, total RNA was collected from control, vena cava vein and from vein graft 1 month after surgery, real-time RT-PCR was performed. As shown in Figure  1D , the SGK-1 mRNA was increased 6.2Ϯ0.9-fold compared with the SGK-1 level in control vein. The level of SGK-1 mRNA was further detected in stretch-treated venous SMCs. As shown in Figure 1E , mechanical stretch induced a 8.8Ϯ1.0-fold increase in SGK-1 mRNA at 2 hours in cultured venous SMCs (PϽ0.01). There was a second peak at 12 hours after mechanical stretch treatment. The protein level of SGK-1 in stretch-treated venous SMCs was increased in a time-dependent fashion and peaked after 4 hours, it lasted 12 hours before return to normal level at 16 hours ( Figure 1F , PϽ0.01). To determine whether mechanical stretch-induced increases in SGK-1 mRNA was transcriptional, venous SMCs were pretreated with actinomycin D, the effect of stretch on SGK-1 expression was examined. As shown in Figure 1G , actinomycin D effectively blocked stretchinduced increases in SGK-1 mRNA. Furthermore, the SGK-1 promoter analysis showed that stretch significantly stimulated SGK-1 promoter activity ( Figure 1H ). To determine whether stretch increases SGK-1 kinase activity, we used GST-GSK3 as a substrate and found that SGK-1 kinase activity was increased by mechanical stretch (5.3Ϯ0.62-fold increase compared with nonstimulated control, PϽ0.05; Figure 1I ). It has been shown that activated SGK-1 is translocated into the nucleus, and we found that stretch stimulated SGK-1 nuclear translocation (Figure 1J) . Taken together, SGK-1 gene expression and activation increased in response to mechanical stretch.
MEK1 Signaling Pathway Mediates Mechanical Stretch-Induced SGK-1 Expression
Mitogen-activated protein kinase (MAPK) signaling pathway has been reported to manipulate SGK-1 expression. 22, 23 Mechanical stretch stimulated strong phosphorylation of extracellular signal-regulated kinase (ERK)1/2 and p38, and moderate phosphorylation of c-Jun N-terminal kinase (JNK) (Figure 2A) . We then inhibited different MAPKs in venous SMC and found that inhibition of MEK1 with inhibitor (U0126) or MEK1 dominant negative, but not inhibitor of p38 or JNK, significantly inhibited stretch-induced increases in SGK-1 protein level ( Figure 2B and 2C) . Similarly, the stretch-induced SGK-1 promoter activities were also blocked by dominant negative form of MEK1, but not by MKK6 or JNK. These results suggested that MEK1 mediates stretchinduced SGK-1 expression. Because mechanical stretch also stimulates signals such as PI3K 24 and Egr-1, 11 we determined their roles in mechanical stretch-regulated expression of SGK-1. PI3K inhibitor (Ly294002) did not inhibit stretchinduced increases in both SGK-1 mRNA as shown in Figure  2E . Moreover, knockout Egr-1 had no effect on stretchstimulated SGK-1 expression ( Figure 2F ). To provide an initial insight into the potential role of SGK-1 expression in general vascular remodeling, we also examined the SGK-1 expression in wire injury model and found that wire injury increased SGK-1 in injured artery ( Figure 2G ). Because growth factors are involved in the process of neointima formation, we examined if growth factors can increase expression of SGK-1. We found that treatment of venous SMCs with IGF-1, PDGF, or angiotensin II significantly increased SGK-1 level ( Figure 2H ). The PDGF-BB-or angiotensin II-induced increases in SGK-1 level were blocked by MEK1 inhibitor, but not by p38 or JNK inhibitors. Interestingly, the IGF-1 induced-SGK-1expression was blocked by JNK inhibitor SP600125, but moderately by MEK1 or p38 inhibitors ( Figure 2H ). but not PI3K or Egr-1 mediated SGK-1 expression in venous SMCs. SMCs were treated with mechanical stretch after pretreatment with U0126 or Ly294002, and SGK-1 mRNA (E) and protein (F) levels were detected by RT-PCR and Western blot. Venous SMCs isolated from Egr-1 knockout mice was also used to detect SGK-1 expression after mechanical stretch (F). G, SGK-1 expression was induced in wireinjured artery. Wire injury was applied to mice common carotid artery, and the injured vessel was collected after 3 hours and immunofluorescence-stained with SGK-1 (green) and ␣-SMA (red). H, SGK-1 expression was stimulated by growth factors. SMCs were pretreated with MAPK inhibitors for 30 minutes, followed by exposure to IGF-1 (10 ng/mL), PDGF-BB (10 ng/mL), and angiotensin II (1 mol/L) for 4 hours; the cells lysates were prepared, and SGK-1 protein level was detected by Western blot. The data represent 3 repeated experiments.
Knockout of SGK-1 Blocks Mechanical Stretch-Induced Proliferation in Venous SMCs
To examine whether SGK-1 is necessary and sufficient for mechanical stretch-induced proliferation of venous SMC, we isolated venous SMCs from SGK-1 knockout mice and infected with recombinant adenovirus containing SGK-1, there was a virus dose-dependent SGK-1 expression in venous SMCs (Figure 3A) . As expected, stretch increased wild-type venous SMC number and bromodeoxyuridine (BrdUrd) incorporation ( Figure  3B and 3C) ; however, knockout of SGK-1 suppressed the stretch-induced venous SMC proliferation by 83.5% (BrdUrd incorporation experiments, PϽ0.01) ( Figure 3C ). Note that overexpression of SGK-1 in unstretched wild-type venous SMCs did not increase proliferation; this suggests that the SGK-1 function not only depends on its expression but also on its activation. When venous SMCs from SGK-1 knockout mice were infected with SGK-1 expressing adenovirus, the stretchstimulated cell proliferation was restored ( Figure 3B and 3C) . Because cyclin D1 expression is known for its important role in growth factor stimulated cell cycle progression, 25 we examined whether knockout SGK-1 affects cyclin D1 expression. We found that knockout SGK-1 blunted stretch-induced cyclin D1 expression, which was restored by reexpression of SGK-1 ( Figure 3D ). These results suggested that SGK-1 promotes cell proliferation in response to mechanical stretch.
Mechanical Stretch-Activated SGK-1 Promotes Cell Cycle Progression by Stimulating Cytoplasmic Translocation of p27 kip1
In cancer cells, activated AKT promotes cell cycle progression by regulating its cell cycle inhibitor p27
kip1
. To determine how kip1 . Wild-type and SGK-1 knockout SMCs were infected with Ad-SGK-1 or kinase dead SGK-1 127KM and subjected to stretch for 2 hours. The cells were fixed after 24 hours, and p27 kip1 was detected by immunofluorescence staining (red signal). B, Mechanical stretch stimulated p27 kip1 phosphorylation. SMCs were treated with stretch for different time points, the cell lysates were prepared, and the phosphorylated and total p27 kip1 were detected by Western blot. C, Knockout of SGK-1 suppressed stretch-induced p27 kip1 phosphorylation that can be rescued by overexpression SGK-1 in SGK-1 knockout cells. SGK-1 knockout cells infected with Ad-SGK-1 were exposed to stretch for 2 hours, and the phosphorylated and total p27
kip1 were detected by Western blot. Ϫ/Ϫ SMCs were treated with or without mechanical stretch for 2 hours, and the cell lysates were prepared after 24 hours. Western blot analysis was performed.
mechanical stretch-activated SGK-1 promotes venous SMC proliferation, we examined its effect on regulation of p27 kip1 .
Using immunofluorescence analysis, p27
kip1 was mainly located in the nucleus in control cells, and translocated to cytosol after stretch treatment ( Figure 4A ). However, stretch could not stimulate translocation of p27 kip1 from nucleus into cytosol in SGK-1 knockout cells. Importantly, this p27 kip1 cytosol translocation was rescued by reexpressing wild-type SGK-1. To further clarify that SGK-1 is a kinase that mediates p27 kip1 nuclear exportation, we infected venous SMCs with adenovirus containing a dominant-negative form of SGK-1 (127KM), we found that stretch-induced p27 kip1 nuclear exportation was blocked by the expression of SGK-1 (127KM) ( Figure 4A ). Taken together, the stretch induced exportation of p27 kip1 was dependent on active SGK-1. To determine the relationship between activated SGK-1 with phosphorylation of p27 kip1 , we found that mechanical stretch induced SGK-1 expression (peaked at 2 hours), and this was accompanied with maximal phosphorylation of p27 kip1 at 2 hours. Note that increased phosphorylation of AKT was appeared as early as at 30 minutes ( Figure 4B) . Moreover, the stretch-induced phosphorylation of p27 kip1 was dramatically attenuated in SGK-1 knockout venous SMCs. Re-expressing SGK-1 completely restored the response of these cells to stretch ( Figure 4C ). There is no change on phosphorylation of AKT between SGK-1 knockout cells and WT cells.
IGF-1R and mTORC2 Are Upstream Signals for Mechanical Stretch-Induced SGK-1 Activation
It is known that fully activation of SGK-1 kinase needs phosphorylation at both Thr256 and Ser422. SGK-1 is a downstream target of PI3K pathway. We have previously shown that mechanical stretch activates IGF-1R and this event plays an important role in stretch-stimulated cell proliferation. 11 To determine whether SGK-1 function links to IGF-1R signaling pathway, we isolated venous SMCs from IGF-1R-LoxP mice, using recombinant cre (adenovirus Cre) to knockout IGF-1R ( Figure 5A ). Stretch treatment induced phosphorylation of SGK-1 (Ser422 and Thr256) in control cells; however, these phosphorylations were significantly reduced in IGF-1R knockout cells ( Figure 5B ). Knockout IGF-1R also attenuated stretchinduced phosphorylation of p27 kip1 ( Figure 5B ). Furthermore, kip1 phosphorylation. SMCs were infected with Ad-cre for 72 hours and then were subjected to mechanical stretch for 2 hours. C, mTORC2-mediated stretch-induced SGK-1 phosphorylation. SMCs infected with Ad-SGK-1 were pretreated with PPP (10 mol/L), rapamycin (100 nmol/L), or Ku-0063794 (10 mol/L) for 30 minutes and then were subjected to stretch or IGF-1 (10 ng/mL) for 30 minutes. D and E, Stretchinduced SMC proliferation was blocked by inhibiting or knockout of IGF-1R. IGF-1R was knocked out or inhibited by PPP as above, and SMCs were subjected to stretch for 2 hours. The proliferative rate was analyzed by cell number counting (D) and BrdUrd incorporation (E). Data were from 3 repeat experiments (Shown as meansϮSE).
IGF-1R inhibitor, PPP, suppressed SGK-1 phosphorylation on both Ser422 and Thr256 sites ( Figure 5C ). To determine downstream signals of IGF-1R that activate SGK-1, we found that mTORC2 inhibitor Ku-0063794 blocked stretch-or IGF-1-induced SGK-1 phosphorylation. However, mTORC1 inhibitor rapamycin inhibited stretch-induced phosphorylation of p70S6K, but failed to inhibit SGK-1 phosphorylation, indicating that mTORC2 is a downstream signal of IGF-1R to activate SGK-1 ( Figure 5C ). Finally, the stretch-induced cell proliferation ( Figure 5D ) and BrdUrd incorporation ( Figure 5E ) were significantly reduced by inhibiting or knockout IGF-1R in venous SMCs.
Stretch-Induced Cytosol Translocation and Phosphorylation of p27 kip1 Are Blocked by Inhibition of PI3K
To provide additional mechanistic evidences that stretch-activated SGK-1 leads to venous SMC proliferation, we inhibited PI3K and examined stretch-induced cell proliferation. Mechanical stretch increased cell number and 2-fold induction of BrdUrd incorporation ( Figure 6A and 6B ). This increase in proliferation was completely inhibited by the PI3K inhibitor Ly294002 but not by AKT inhibitor ( Figure 6A ). Consistent with these results, Western blotting demonstrated that inhibition of PI3K also suppressed phosphorylation of p27 kip1 (Ser10) ( Figure 6C ). Furthermore, immunofluorescence staining showed that inhibition of PI3K prevented nuclear exportation of p27 kip1 in response to stretch. However, AKT inhibitor had minimal effect on p27kip1 translocation ( Figure 6D ). These results indicate that SGK-1 but not AKT is responsible for stretch-stimulated phosphorylation and exportation of cell cycle inhibitor p27
Kip1 from the nucleus.
Knockout of SGK-1 Suppresses the Venous SMC Proliferation in Vein Graft
To obtain in vivo evidence, vena cava veins from wild-type or SGK-1 knockout mice were placed into carotid artery of wildtype or SGK-1 knockout mice, respectively. The vein grafts collected at 4 weeks were examined for morphology. Hematoxylin/eosin staining indicated that vascular wall was much thinner in vein grafts from SGK-1 knockout mice compared with that of graft from wild-type mice ( Figure 7A ). Immunostaining with the smooth muscle cell marker, ␣-smooth muscle actin (␣-SMA) showed that the number of ␣-SMA-labeled cells was largely reduced in the vein grafts in SGK-1 knockout mice ( Figure 7B ). Vein grafts collected from SGK-1 knockout mice had a significant higher lumen/neointima ratio (bigger lumen area with less neointima area) compared with that of graft from wild-type mice ( Figure 7C and 7D) . Moreover, there were Ϸ80% of p27 kip1 located in the nucleus and Ͻ10% in cytosol in smooth muscle cells in normal vein, in which most of the cells are quiescent. The cytosol-localized p27 kip1 increased to 42.0Ϯ9.6% in neointima smooth muscle cells in wild-type vein grafts, indicating a proliferation of smooth muscle cells, with only 11.1Ϯ1.7% cells with nuclear p27 kip1 . But this pattern of p27 kip1 localization was reversed in vein graft created in SGK-1 knockout mice, which most of p27 kip1 were remained in nucleus ( Figure 7E and 7F) . Finally, the proliferation status was determined in these vein grafts. Approximately 62.0Ϯ12.2% of PCNA-positive cells were detected in wild-type vein graft; this number decreased to 12.1Ϯ3.6% of PCNA-positive cells in vein graft from SGK-1 knockout mice ( Figure 7G and 7H) . These results indicated that knockout of SGK-1 inhibits cell proliferation and p27 kip1 cytosol translocation in vein grafts. 
Discussion
The major findings of our study include that mechanical stretch stimulates the transcription and kinase activation of SGK-1 in venous SMCs. MEK1 signaling pathway mediates mechanical stretch-induced SGK-1 expression, and that the IGF-1R/ mTORC2 is responsible for mechanical stretch-induced SGK-1 phosphorylation and activation. Our results provided experimental evidence that SGK-1 but not AKT plays an important role in the mechanical stretch-induced proliferation in venous SMCs. Mechanical stretch-activated SGK-1 is responsible for phosphorylation and cytoplasmic translocation of p27 kip1 through the activation of IGF-1R/PI3K/mTORC2. Finally, our in vivo experiment revealed that knockout of SGK-1 suppresses the venous SMC proliferation and neointima formation in vein grafts.
Neointima formation in vein graft is the result of excessive vascular cell (including venous SMC) proliferation in which mechanical stretch plays an important role. Our present study identified a cellular signaling mechanism by which stretch induces proliferation of venous SMCs. First, our results demonstrated that SGK-1 is a kinase: its expression is regulated by stretch (Figure 1 ). In addition, we found that growth factors or wire injury of artery could also increase the expression of SGK-1 ( Figure 2G and 2H) , suggesting that elevated expression of SGK-1 could involved in the general process of neointima formation. Moreover, we found that the signaling pathway for mechanical stretch-induced SGK-1 expression is mediated by MEK1/ERKs but not other types of MAPK (p38 or JNK) or PI3K or transcriptional factor Egr-1 (Figure 2A through 2F) . Importantly, we found that the kinase activity of SGK-1 is induced by stretch and this response, but not activated AKT, mediates stretch-induced venous SMCs proliferation ( Figure 6B and 6C). Growth factor has been reported to stimulate the proliferation of cells by promoting G 1 to S phase progression and cyclin D1 induction via PI3K-dependent fashion. 26 Our result showed that activated SGK-1 is involved in cyclin D1 expression because knockout of SGK-1 is associated with reduction of the cyclin D1, whereas reexpression of SGK-1 rescued the effect of stretch on cyclin D1 expression ( Figure 3D ).
In our previous publication, we showed that stretch not only increases the transcription of IGF-1 and its receptor, but also activates IGF-1R and its downstream kinase PI3K signaling pathway. 27 Our present study showed that inhibition of IGF-1R and mTORC2, but not mTORC1, prevented stretch-induced SGK-1 activation and phosphorylation of p27 kip1 (Figures 4 and 5) . Our results are consistent with a recent report of that mTORC2 phosphorylate the C-terminal hydrophobic motif of SGK-1 at Ser422. This creates a docking site for PDK1 to phosphorylate a threonine residue located at the activation loop Thr 256. 14, 28 Second, we demonstrated that stretch-activated SGK-1 caused proliferation by regulating phosphorylation and cytoplasmic translocation of cell cycle inhibitor p27 kip1 ( Figure 4A ). Phosphorylation at serine 10 and threonine 187 of p27 kip1 leads to its exit from the nucleus and its degradation by the proteasome in the cytoplasm, respectively. 27 Our data showed that p27 kip1 phosphorylation is increased in the cytoplasm of venous SMC subjected to stretch ( Figure 4A and 4B and Figure 5B ). These data provided experimental evidence that stretch-activated SGK-1 promotes cell cycle via regulation of p27
kip1
. Our results are consistent with reports of that activated SGK-1 kinase can phosphorylate p27
. 29 It is generally believed that AKT is a critical signaling kinase for downstream of PI3K pathway in survival and proliferation of vascular cells. 30 -32 However, our results clearly indicate that SGK-1 rather than its "sister" AKT is the mediator of mechanical signaling events. We found that stretch-induced activation of SGK-1 more closely parallels the increase in p27 kip1 phosphorylation than activation of AKT. Although both SGK-1 and AKT can phosphorylate p27 kip1 , SGK-1 and AKT responds differently to mechanical stretch. Using an inhibitor for AKT, we found that stretch-induced phosphorylation and downregulation of p27 kip1 was unaffected. Furthermore, inhibiting AKT did not affect the translocation of p27 kip1 from the nucleus. However, phosphorylation and nuclear exportation of the p27 kip1 were blocked by a selective PI3K inhibitor ( Figure 6D ), suggesting that other kinase other than AKT regulates p27
. We showed on the other hand, knockout of SGK-1 or dominant-negative SGK-1 (127KM) inhibited stretch-induced phosphorylation and nuclear deporting and degradation of p27 . These data provided experimental evidence that SGK-1 but not AKT regulated phosphorylation and exportation of p27 kip1 in response to mechanical stretch. This conclusion is supported by our results linking a functional role of SGK-1 to stretch-induced proliferation. Knockout of SGK-1 inhibited stretch-induced proliferation in vitro (Figure 3 ) and in mouse vein graft model (Figure 7 ). These data demonstrate an important role of SGK-1 in the stretch-induced proliferation of venous SMC.
To better indicate the interrelationship, Figure 8 depicts the signaling pathway linking mechanical stretch, IGF-1R, and SGK-1 phosphorylation. In summary, our results provide experimental evidence that SGK-1 is a mechanosensitive kinase that leads to activation of venous SMCs. Mechanical stretch induced SGK-1 expression through MEK1/ERK1/2 signaling pathway; in the meantime, mechanical stretch also activated IGF-1R signaling pathway, to phosphorylate SGK-1 at Ser422 and Thr256 sites. mTOC2 was found to be involved in IGF-1R-mediated SGK-1 phosphorylation. Both sites of phosphorylation led to full activation of SGK-1, which then caused p27 kip1 nuclear exportation and cell proliferation ( Figure 8 ). Our study demonstrates that mechanical stretch-activated SGK-1 could be an essential intracellular signal, leading to accumulation of vascular cells in vein graft, contributing to neointima formation and possible failure of vein grafts. 
